
����������
�������

Citation: Terán Hilares, R.;

Sánchez Vera, F.P.; Colina

Andrade, G.J.; Tejada Meza, K.;

García, J.C.; Pacheco Tanaka, D.A.

Continuous Cultivation of

Microalgae in Cattle Slaughterhouse

Wastewater Treated with

Hydrodynamic Cavitation. Water

2022, 14, 1288. https://doi.org/

10.3390/w14081288

Academic Editor: Christos S. Akratos

Received: 19 March 2022

Accepted: 13 April 2022

Published: 15 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

water

Article

Continuous Cultivation of Microalgae in Cattle Slaughterhouse
Wastewater Treated with Hydrodynamic Cavitation
Ruly Terán Hilares * , Fabio P. Sánchez Vera, Gilberto J. Colina Andrade, Kevin Tejada Meza ,
Jaime Cárdenas García and David Alfredo Pacheco Tanaka

Departamento de Ciencias e Ingenierías Biológicas y Químicas, Universidad Católica de Santa María—UCSM,
Urb. San José s/n—Umacollo, Arequipa 04000, Peru; 75770225@ucsm.edu.pe (F.P.S.V.);
gcolina@ucsm.edu.pe (G.J.C.A.); ktejada@ucsm.edu.pe (K.T.M.); jcardenas@ucsm.edu.pe (J.C.G.);
tanakaalfredo@yahoo.com (D.A.P.T.)
* Correspondence: rteran@ucsm.edu.pe; Tel.: +51-054-382038

Abstract: Cattle slaughtering produce large amounts of wastewater containing high concentrations
of organic matter and nutrients and requires significant treatment before disposal or reutilization.
However, the nutrients contained can be valued as a medium for microalgal biomass generation. In
this work, hydrodynamic cavitation (HC) followed by membrane filtration or biological (microalgae
cultivation) treatment in continuous mode were performed. From cattle slaughterhouse wastewater
(CSW), by the effect of HC treatment with air injection in batch mode, more than 20% of the chemical
oxygen demand (COD) was removed. In a continuous HC process, the COD content in output was
324 mg O2/L, which is 68% lower than the supplied CSW. After that, 76% of residual COD was
removed by filtration through a tubular alumina membrane (600 nm). Finally, 85% of residual COD
after HC treatment in 24 h in a batch mode was removed by microalgae. On the other hand, the COD
concentration in the output was around 59 mg O2/L in continuous mode, which represents 85–93%
COD removal. The process involving HC and microalgae growing looks promising since in addition
to water treatment, the microalgae produced could be valued in a biorefinery concept.

Keywords: hydrodynamic cavitation; wastewater treatment; slaughterhouse wastewater; membrane
filtration; microalgae cultivation

1. Introduction

According to the United States Department of Agriculture (USDA), the world con-
sumption of beef in 2020 was 50.06 million tons and the expectation for 2021 is around
60 million tons in carcass equivalent [1]. Due to its composition in organic matter, sus-
pended solids, oil and fat, and nutrients (nitrogen and phosphorus), the cattle slaugh-
terhouse wastewater (CSW) requires an efficient treatment process before disposal or
reutilization. The CSW represents a significant problem because the water consumption
is between 700 L and 3000 L of water per animal [2,3]. Therefore, the development of
sustainable, efficient, and low-cost technologies for CSW treatment is a current challenge.

Hydrodynamic cavitation (HC) technology has been attracting the interest of the scientific
community for water treatment [2]. In HC, micro–nano bubbles of water vapor at low pressure
are formed by passing the water through plates with orifices and Venturi tubes [3]. The
formation, growth, and violent collapse of bubbles result in the release of large amounts of
energy “hot spots”, shock waves and microjets that can degrade or break up organic matter
present in the fluid. Furthermore, the highly reactive hydroxyl radicals (OH•) generated in HC
can degrade a wide range of recalcitrant pollutants [4]. The HC efficiency increases when it is
combined with other processes, e.g., aeration, oxygenation and Fenton [5–7], ultrasound [8],
UV [9], ozone [10], and plasma [11]. Some advantages of HC are the simplicity in construction,
low-cost, high-energy efficiency, and easy scalability [6,12,13]. However, HC treatment of CSW
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has not been reported yet, alone or in combination with other techniques; such as membrane
filtration and biological processes.

Wastewater treatment using membrane filtration is carried out mainly in a tertiary step,
and the use of ceramic membrane (CMs) has increased in recent years. Some advantages
of CMs with respect to polymeric membranes are the fouling resistance, operation at high
temperatures, and allowing longer filtration cycles [14]; however, they are more expensive.
Moreover, membranes allow for the efficient removal of the COD and total suspended solids
(TSS), e.g., as reported for slaughterhouse wastewater using 0.13 µm pore size inorganic
membrane [15]. Membrane technology can also be integrated to biological processes for
simultaneous microalgae cultivation and wastewater treatment in submerged membrane
photobioreactors [16,17].

Biological processes using microalgae are a suitable and ecofriendly option for wastew-
ater treatment, allowing for the nutrient recovery in the form of valuable biomass, energy
savings, and CO2 emissions reduction [18]. Several algae strains have been used for wastew-
ater treatment, but Chlorella vulgaris is one of the best microalgae for bioremediation, due
to its high capability of nutrients (N and P) and COD removal [17,19], and capacity to
adapt to several wastewater types [20]. C. vulgaris has been used for several wastewater
treatments in batch processes; however, specific information for CSW is not available, the
existing information being limited to poultry slaughterhouse wastewater [17], aquaculture
wastewater [21], and dairy wastewater treated with activated sludge [22]. Moreover, con-
sidering the potential of microalgae as a source to obtain several bioproducts, cultivation of
microalgae in CSW is a suitable option to consider.

Therefore, the combined process including HC, membrane technology, and biological
processes can be an interesting and promising alternative for efficient CSW treatment. In this
way, hydrodynamic cavitation was evaluated as a new approach for the treatment of cattle
slaughterhouse wastewater in batch and continuous processes with/without air injection.
Then, the HC-treated water was submitted to filtration across ceramic membranes or used
as a medium for microalgae (Chlorella vulgaris) cultivation in batch and continuous processes
in an internal-loop concentric tube photobioreactor in order to produce microalgae biomass
for subsequent bioenergy or biomolecule production.

2. Materials and Method
2.1. Slaughterhouse Wastewater

Cattle slaughterhouse wastewater (CSW) was obtained from a local industry in Are-
quipa, Peru. After collection, the CSW was filtered in order to remove coarse particles. The
filtered wastewater was characterized by total chemical oxygen demand (COD), biochemi-
cal oxygen demand (BOD5), total alkalinity, conductivity, fat and oil, turbidity, nitrogen
(ammoniacal and kjeldahl), and total phosphorous according to the standard method for
wastewater characterization APHA [23].

2.2. Hydrodynamic Cavitation System

The hydrodynamic cavitation (HC) system was constructed in the laboratory using
low-cost materials, such as polyvinyl chloride (PVC) with a simple configuration, as
observed in Figure 1A. The setup was arranged in a recycled, by-pass close manner,
including a recirculation tank (4 L), pump (1 HP), pressure gauges, and valves. In the
system, the cavitation device (Figure 1B) was a perforated plate (12 holes of 0.8 mm
diameter). The required pressure was regulated by the bypass line.
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Figure 1. Schematic experimental setup of hydrodynamic cavitation reactor (A) and cavitation de-
vice—orifice plate (B). (A): 1—pump, 2—cavitation device (orifice plate), 3—valve in by-pass line, 
4—manometer, 5—cavitation zone, 6—recirculation tank, 7—sampling point. 

2.3. Computational Fluid Dynamics (CFD) Modeling 
CFD modeling in the cavitation device was performed using water and the software 

ANSYS FLUENT 2021 R2 (ANSYS, Inc., Canonsburg, PA, USA) with the purpose of de-
fining the physical properties of fluid (pressure, velocity, and water vapor volume fraction 
distribution) along the cavitation device “orifice plate” (Figure 1B). The mixture model 
was used to model liquid and vapor phases by solving continuity and momentum equa-
tions. Moreover, the Schnerr and Sauer model was selected from available models in the 
ANSYS Fluent, to determinate the mass transference from water–liquid to water–vapor 
due to a decrease in pressure below the vapor pressure of the fluid [24]. 

The continuity equation of the mixture: 𝜕𝜕𝑡 (𝜌 ) + 𝛻 · (𝜌 �⃗� ) = 0 (1)
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The relation of vapor volume fraction to the number of bubbles per unit volume of 
liquid can be expressed by the following expression:  

Figure 1. Schematic experimental setup of hydrodynamic cavitation reactor (A) and cavitation
device—orifice plate (B). (A): 1—pump, 2—cavitation device (orifice plate), 3—valve in by-pass line,
4—manometer, 5—cavitation zone, 6—recirculation tank, 7—sampling point.

2.3. Computational Fluid Dynamics (CFD) Modeling

CFD modeling in the cavitation device was performed using water and the software
ANSYS FLUENT 2021 R2 (ANSYS, Inc., Canonsburg, PA, USA) with the purpose of defin-
ing the physical properties of fluid (pressure, velocity, and water vapor volume fraction
distribution) along the cavitation device “orifice plate” (Figure 1B). The mixture model was
used to model liquid and vapor phases by solving continuity and momentum equations.
Moreover, the Schnerr and Sauer model was selected from available models in the ANSYS
Fluent, to determinate the mass transference from water–liquid to water–vapor due to a
decrease in pressure below the vapor pressure of the fluid [24].

The continuity equation of the mixture:

∂

∂t
(ρmix) +∇·

(
ρmix

→
v mix

)
= 0 (1)

The momentum equation of the mixture:

∂
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)
+∇·
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In the above expressions, ρmix is the mixture density,
→
v mix is the mixture velocity

vector, and µmix is the mixture viscosity.
The Schnerr–Sauer model for the vapor phase:

∂

∂t
(ρvav) +∇·(ρvavvmix) = R (3)

R is given by:

R =
ρvρl
ρmix
·∂av

∂t
(4)

The relation of vapor volume fraction to the number of bubbles per unit volume of
liquid can be expressed by the following expression:

av =
nb

4
3 πr3

B

1 + nb
4
3 πr3

B
(5)

where: nb is bubble number density, rB is the bubble radius, and av is vapor fraction.
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For modeling, a coupled method was selected for solution. Physical properties through
the cavitation device were estimated by successive iterations until convergence. For the
modeling process, the upstream manometric pressure considered was 400 kPa and the
corresponding velocity of the fluid was calculated.

The cavitation number was calculated according to the following equation:

Cv =

(
Pmin − Pvap

)
1
2 ρv2

(6)

where: Pmin is the minimum pressure occurring in the vicinity of the restriction, kPa; Pvap
is vapor pressure of water (at 70 ◦C is 31.16 kPa); ρ = density of the liquid (at 70 ◦C,
978 kg/m3); and v the flow velocity through the restriction, m·s−1.

2.4. Hydrodynamic Cavitation Treatment of Cattle Slaughterhouse Wastewater

The CSW was treated in the HC system, first in batch process with and without air
injection in the recirculation tank containing 3 L liquid. In the experiment, the pressure
was maintained constant at 400 kPa. The initial pH of CSW was 7.3 and the process was
performed without temperature control, thus, it increased from 13 ◦C to 65–70 ◦C in 30 min.
During the process, samples were collected periodically for COD analysis. After 30 min
of the batch process, untreated water was fed continuously at 100 mL/min (continuous
process). This was determined by considering the dilution rate (D = 28.7 min−1). To keep
the volume constant, the solution was removed using a peristaltic pump. During the
continuous process, the pressure was 400 kPa, the temperature and pH were continuously
monitored. Samples were obtained for the respective COD analysis.

2.5. Membrane Filtration of HC Treated Water

The HC-treated wastewater (HC-CSW) was submitted to filtration process in a tubu-
lar asymmetric porous alumina (24 cm long × 1 cm diameter) with outer pore size of
600 nm from Inopor® (Scheßlitz, Germany), using a peristaltic pump delivering an initial
30 mL/min (0.41 mL/min·cm2) flux in the permeation, which was gradually decreasing
because of fouling. When the flux reduced to approximately one third of the original, this
flux was restored by backwashing using distilled water. This cycle was repeated five times.
Then, the filtered water was submitted to new filtrations though 200 nm and 70 nm pore
size membranes. The obtained sample process was analyzed with respect to COD after
each filtration.

2.6. Microalgae Cultivation in HC Treated Wastewater

The HC-treated wastewater (HC-CSW) was used as a medium for microalgae (Chlorella
vulgaris) cultivation in an internal-loop concentric tube photobioreactor (350 mm × 150 mm,
5 L), containing 4.2 L of wastewater at an initial pH of 8.1 and 150 mg/L of microalgae
concentration in the reactor. The experiment was carried out in a batch process during 55 h at
25–27 ◦C with continuous illumination (440 µmol/(m2·s) photon flux density) and constant
air supply into the reactor (0.2 vvm). During the process, samples were obtained periodically
in order to analyze the microalgae concentration, COD, and pH.

After 50 h of the batch process, the continuous process was initiated in two continuous
steps with different COD concentration 391 and 856 mg/L for the first and second step,
respectively, using the same flow rate (2.27 mL/min). To keep the volume constant, the
medium was removed from the reactor by the output line, from where samples were
collected periodically to analyze the microalgae biomass, COD, and pH. After 63 h of the
continuous process, the second step was initiated.
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3. Results and Discussion
3.1. Cattle Slaughterhouse Wastewater (CSW)

The main parameters of the collected CSW sample are listed in Table 1. The CSW
used in this study contains 3019 mg/L of COD, indicating high pollutant content; how-
ever, higher COD values have been reported, e.g., 32,000 mg O2/L [25]. The low BOD5
(1000 mg/L) confer a low biodegradability index to the used sample (BI = 0.3). Similar
BI values have also been reported for CSW: 0.28 [26] and 0.35 [27]. The low BI values
suggest the presence of poorly biodegradable substances that may be toxic to microbes
and inhibit microbial activity. With respect to true color 2175 Pt-Co, this is lower than
the 16,426 Pt-Co reported by Musa et al. [25]. These parameters should change in time
depending on the number of slaughtered animals.

Table 1. Main parameters of cattle slaughterhouse used in this study.

Parameters Unit Cattle Slaughterhouse Wastewater (SCW)

True color Pt-Co 2175 ± 109
Turbidity NTU 264 ± 5

Total alkalinity mg CaCO3/L 1128 ± 62
Conductivity µS/cm 3780 ± 255

Ammoniacal nitrogen mg NH3-N/L 125 ± 9
Total Kjeldahl nitrogen mg/L 296 ± 5

Total phosphorous mg P-PO4/L 22 ± 0.4
Biochemical oxygen demand (BOD) mg/L 1000 ± 48

Chemical oxygen demand (COD) mg O2/L 3020 ± 20
Oil and fat mg/L 24 ± 2
Chloride mg/L 329 ± 2
Nitrate mg/L 0.9 ± 0.1

3.2. CFD Modelling and CSW Treatment Using HC

Parameters, such as throat velocity, cavitation number, and water vapor volume frac-
tion along the device, were estimated by CFD modeling. In the cavitation device meshing
(Figure 2A), 481,607 mixed cells were obtained, and the mesh quality was verified by
orthogonal quality and skewness statistic which results in 0.77 and 0.23 average, respec-
tively. These values are according to the ANSYS Meshing User’s Guide (ANSYS, 2010)
and correspond to very good values for orthogonal quality and skewness within their
respective spectra. In the cavitation devise (orifice plate), the manometric pressure sharply
drops (Figure 2B) and the fluid velocity increases (Figure 2C). This behavior is similar to
that observed in several cavitation devices [28]. Moreover, the maximal vapor fraction
generated in the system was 0.74 (Figure 2D) and the (Cv) calculated cavitation number
was 0.16. Generally, the cavitation inception occurs at Cv = 1, which becomes significant
at Cv values less than 1, exactly 0.1 to 0.4 [29]. The Cv obtained is between 0.095–0.21
according to the one previously reported as optimum for orange 4 dye decolorization [30]
or between 0.1–1 reported for wastewater treatment [31].

The CSW was treated in the HC system and results are listed in Figure 3A. The COD
value decreases lightly in a 30 min process, achieving 559 mg O2/L, which corresponds to
38% removal with respect to the initial value. The COD removal is intensified when air is
injected in the system attaining 65% COD removal. This behavior can be given by the fact
that gaseous species present in air, such as nitrogen and oxygen, could enhance OH radical
formation [32], as previously observed for benzene degradation [7]. However, the foam
layer formation on the surface and odor removal were observed in both processes, but
the foam formation was enhanced with air injection. During the process, the temperature
increased from 17 ◦C to 65 ◦C, where a sudden discoloration occurred; this point was the
starting point of the continuous process. The HC process for CSW has not been previously
reported; however, for industrial wastewater (not specified) [6], industrial-grade dye
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solutions, and printing ink wastewater [33], petroleum refinery effluent [34] and others
have been reported.
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Although the HC treatment efficiency for pollutant removal is low, it is improved when
it is combined with other processes such as air injection. For example, using non-specified
industrial wastewater [6], the addition of air and oxygen to the process has been shown
to allow 18% and 45% COD removal, respectively. The benefit of air injection in the HC
process was also reported by Doltade et al. [34], where the COD reduction (52%) as well as
total bacterial count (59%) during the treatment of a petroleum refinery effluent were higher
with air injection than without air injection operated at 5 bar pressure. Finally, by the effect
of air injection in the HC process, the RB13 decolorization rate was 5.5 × 10−3 min−1, which
is higher than the 5.2 × 10−3/min reported for HC alone [35]. Therefore, the increase in the
chemical and physical effect of cavitation by air injection can be associated with the presence
of oxygen in air which enhances the •OH radical generation rate [35]. The presence of air in
the system can also act as nuclei for cavity generation and high shear forces [34]. Moreover,
considering the particle size reduction by cavitation effect, the transport of pollutants by air
bubbles to the surface will be easier.

The HC treatment of CSW was also performed in a continuous process and the result
is shown in Figure 3B. As observed, the average COD removal and concentration in
the output line are 68% and 293 mg O2/L, respectively; the experiment was performed
feeding 100 mL/min of CSW (stablished by dilution rate). This is the first report of a
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continuous HC process for wastewater. However, a continuous HC process has been
reported for other applications, e.g., inactivation of pathogens in milk [36] with results
similar to long-time low-temperature (LTLT) processes. Additionally, a continuous HC
process has been reported for pretreatment lignocellulosic biomass [13] and intensification
of the heterogeneous Fenton-type process for dye pollution abatement [37].

Water 2022, 14, x FOR PEER REVIEW 7 of 14 
 

 

 

 
Figure 3. Hydrodynamic cavitation of CSW with aeration. (A) Batch process with and without air 
injection and (B) continuous process after batch process. 

Although the HC treatment efficiency for pollutant removal is low, it is improved 
when it is combined with other processes such as air injection. For example, using non-
specified industrial wastewater [6], the addition of air and oxygen to the process has been 
shown to allow 18% and 45% COD removal, respectively. The benefit of air injection in 
the HC process was also reported by Doltade et al. [34], where the COD reduction (52%) 
as well as total bacterial count (59%) during the treatment of a petroleum refinery effluent 
were higher with air injection than without air injection operated at 5 bar pressure. Finally, 
by the effect of air injection in the HC process, the RB13 decolorization rate was 5.5 × 10−3 
min−1, which is higher than the 5.2 × 10−3/min reported for HC alone [35]. Therefore, the 
increase in the chemical and physical effect of cavitation by air injection can be associated 
with the presence of oxygen in air which enhances the •OH radical generation rate [35]. 
The presence of air in the system can also act as nuclei for cavity generation and high shear 

Figure 3. Hydrodynamic cavitation of CSW with aeration. (A) Batch process with and without air
injection and (B) continuous process after batch process.

Therefore, efforts must be focused on applying the process in real situations. Some
challenges for the HC process could be: (a) increasing the flux of fed wastewater in
a continuous process, (b) cooling the processed water in an output line once the HC
process increases the water temperature, (c) constant foam removal from the surface, and
(d) reducing the hydraulic retention time (HRT).
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3.3. Membrane Filtration of HC-CSW

The HC-CSW was submitted to filtration using alumina tubular membranes with
three different pore sizes. As observed in Figure 4A, the maximal flux across the membrane
(600 nm) was 0.43 mL/(min·cm2), which decreases quickly to 0.15 mL/(min·cm2) in a
15 min of process. The reduction in the flux is due to fouling and cake formation by
the residual pollutants present in HC-treated CSW, which have a negative impact on
the membrane performance, requiring cleaning. The fouled membrane was cleaned by
backwashing with water, then, a new cycle of filtration was performed. The objective of
this experiment was just to evaluate the performance of the membranes for the HC-CSW,
which could be an interesting option in the future. It has been reported that tubular ceramic
membranes can completely remove the COD, total suspended solids, and turbidity from
poultry slaughterhouse wastewater [15], using a ceramic membrane with 133 nm of pore
size and 40.17% porosity.
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The membrane pore size is important in the retention of pollutants. In total, 41% of
residual COD was removed using a membrane with 600 nm pore size; then, the permeated
COD passed consecutively through 200 nm and 70 nm membranes, where 20% and 6.8% of
residual COD was removed, respectively; the COD removal turns higher as the membrane
pore size decreases. At the same time; the organic compounds remain in the water among
them and soluble proteins, such as albumin (66.5 kDa), require <3 nm pore size membranes
to be removed.

The total COD removal using three membranes was 85%. This result is close to the
one reported by Kumar et al. [38], by using tubular ceramic membranes (309 nm and
53% porosity) for dairy wastewater treatment, achieving a maximum 91% (135 mg O2/L)
reduction in COD in the permeate stream with a flux of 2.59 × 10−6 m3/m2 s.

Table 2 summarizes the parameters of untreated samples (CSW), after HC treatment
and after the filtration of the HC-CSW through an alumina membrane (600 nm). The HC
treatment considerably reduces almost all the parameters, mainly true color, turbidity, COD,
turbidity, total Kjeldahl nitrogen, and BOD5. However, there is an increase in ammoniacal
nitrogen (28%); this is probably due to the production of ammonia from the destruction of
organic compounds containing nitrogen groups such as proteins and hemoglobin as it is
reflected in the decrease in the Kjeldahl nitrogen. After passing the HC-CSW through the
600 nm pore size membrane, all the parameters are reduced, mainly true color, turbidity,
and COD because of the removal of colloidal compounds with more than a 600 nm diameter.

Table 2. Comparison in the main parameters of cattle slaughterhouse wastewater after HC treatment
and filtered through ceramic membrane (600 nm of pore size).

Parameters Unit
Untreated

Sample
(Diluted)

After HC Treatment After Membrane
(600 nm)

Total
Removal
(%) ***Value Removal * (%) Value Removal ** (%)

True color UC 544 ± 109 98.1 ± 19.6 82 48.0 ± 9.6 51 92
Turbidity NTU 66.0 ± 5.3 14.8 ± 1.2 78 8.2 ± 0.7 45 88

Total alkalinity mg CaCO3/L 282 ± 62 220 ± 49 22 211 ± 47 4 25
Conductivity µS/cm 945 ± 255 883 ± 238 7 820 ± 221 7 13

Ammoniacal nitrogen mg NH3-N/L 31.3 ± 8.5 40.0 ± 10.8 - 17.5 ± 4.7 56 44
Total Kjeldahl nitrogen mg/L 74.0 ± 0.0 24.0 ± 0.0 68 15.0 ± 0.0 38 80

Total phosphorous mg P/L 5.4 ± 0.4 3.6 ± 0.3 33 2.8 ± 0.2 22 48
Biochemical oxygen demand (BOD) mg/L 250 ± 48 103 ± 20 59 82 ± 16 21 67

Chemical oxygen demand (COD) mg O2/L 755 ± 20 229 ± 14 70 157 ± 13 31 79
Oil and fat mg/L 5.9 ± 1.7 1.0 ± 0.3 83 1.0 ± 0.3 0 83
Chloride mg/L 82.4 ± 2.1 85.9 ± 2.1 ≈0 84.2 ± 2.1 ≈0 ≈0
Nitrate mg/L 0.2 ± 0.1 <0.1 <0.1 - -

* Remotion from untreated water. ** Remotion from the water after HC. *** Total removal (HC + filtration).

As the COD value is concerned, after filtration, it was 157 mg O2/L, which is slightly
higher than the 125 mg O2/L established to safe discharge slaughterhouse wastewater by
different jurisdictions, including the International Finance Corporation [39] of the World
Bank Group (IFC) and the Council of European Communities [40]. However, the achieved
values are lower than those established in the Peruvian legislation for the beer and tannery
industry or domestic/municipal wastewater treatment plants.

3.4. Microalgae Cultivation in HC-CSW

The HC-CSW was used as a medium for microalgae cultivation in batch (4.2 L) for 50 h,
and then in a continuous process, first using a sample containing 391 mg O2/L (step 2), and
afterwards, 856 mg O2/L (step 3), both at 2.27 mL/min feed rate; the results are observed
in Figure 5. The batch process was initiated using diluted HC-CSW at 400 mg O2/L of
COD, which was fast reduced to lower than 100 mg O2/L in 24 h, the COD value is almost
constant (85% of COD removal). The microalgae biomass increased, reaching to 870 mg/L
and 1150 mg/L in 24 h and 48 h, respectively, with a 0.78 d−1 specific growth rate (µ). More-
over, the pH increased slightly from 8.1 to 9.6 due to the uptake of inorganic carbon [17].
The good microalgae performance for COD reduction can be associated with the increase
in biodegradability index (BI = 0.45) using HC treatment as previously reported for other
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wastewaters [41,42]. The COD removal obtained in this study was similar to that obtained
in poultry slaughterhouse wastewater using C. vulgaris [17] and higher than the COD
removal (20%) in the 7 days reported by Vadiveloo et al. [43] who used microalgae Chlorella
from anaerobically digested abattoir effluent (ADAE) with 0.25 d−1 microalgae specific
growth rate.
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After the batch process, microalgae cultivation was also performed in two steps in a
continuous process (step 2 and step 3) using the same feed rate (2.27 mL/min) but different
COD concentrations (391 and 845 mg/L). In Figure 5 (step 2), the residual COD in the
outline was maintained around 58 mg O2/L. In the process, the medium pH was around 9.2,
caused by photosynthetic CO2 depletion [43,44]. In step 3 (Figure 5), the COD concentration
in the feeding solution was increased to 856 mg O2/L. The residual COD in the output in
both continuous processes was around 55 mg O2/L. Moreover, the microalgae biomass
slightly increased. This was related to the increase in nutrients. The COD removal achieved
in steps 2 and 3 was around 85% and 94%, respectively. The obtained result shows the
effectivity of microalgae to remove COD in continuous processes (HRT = 1.28 day), which
is close to 90% COD removal by co-culture (C. vulgaris and A. platensis) in industrial winery
wastewater using a continuous membrane photobioreactor at 4.6 days HRT [44]. Therefore,
the treated cattle slaughterhouse wastewater previously submitted to HC treatment is a
suitable and ecofriendly alternative since the produced biomass has potential applications
for biofuel (biodiesel, biohydrogen, bio-alcohol, methane, and bioelectricity) as reported by
Bhatia et al. [45].

4. Conclusions

Hydrodynamic cavitation with air injection was successfully used for CSW in batch
and continuous processes, achieving an efficient COD, color, and turbidity removal. More-
over, by using a ceramic membrane, the residual COD was removed; however, the COD
was 26% higher than the one established for safe CSW discharge in different jurisdictions
for reutilization, requiring application of membranes with minor pore size. On the other
hand, the microalgae-based treatment after the HC process was successfully performed,
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reducing the COD to below 100 mg O2/L. Finally, the cattle slaughterhouse wastewater was
an excellent medium for microalgae cultivation, reaching more than 1000 mg/L. Therefore,
the proposed process is a suitable and interesting option, once the cavitation process can be
generated using a simple system.
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